The Fused (Fu) serine-threonine kinase and the Suppressor of fused (Su(fu)) product are part of the Hedgehog (Hh) signalling pathway both in embryos and in imaginal discs. In wing imaginal discs, the Hh signal induces Cubitus interruptus (Ci) accumulation and activates patched (ptc) and decapentaplegic (dpp) expression along the anterior/posterior (A/P) boundary. In this paper, we have examined the role of the Fu and Su(fu) proteins in the regulation of Hh target gene expression in wing imaginal discs, by using different classes of fu alleles and an amorphic Su(fu) mutation. We show that, at the A/P boundary, Fu kinase activity is involved in the maintenance of high ptc expression and in the induction of late anterior engrailed (en) expression. These combined effects can account for the modulation of Ci accumulation and for the precise localization of the Dpp morphogen stripe. In contrast, in more anterior cells which do not receive Hh signal, we show that Fu plays a role independent of its kinase function in the regulation of Ci accumulation. In these cells, Fu may be involved in the stabilization of a large protein complex which is probably responsible for the regulation of Ci cleavage and/or targeting to nucleus. We propose that the Fused function is necessary for the activation of full-length Ci and counteracts the negative Su(fu) effect on the pathway, leading to en, ptc and dpp expression.
Introduction
Both vertebrates and invertebrates utilize localized sources of Hedgehog (Hh) proteins to regulate cell fate and patterning. In Drosophila, embryonic segments and imaginal discs are subdivided into anterior (A) compartment cells which express the cubitus interruptus (ci) gene which encodes a Gli family transcription factor (Eaton and Kornberg, 1990; Orenic et al., 1990 ) and posterior (P) compartment cells which express the homeobox gene engrailed (en) (Poole et al., 1985) . Hedgehog, secreted by posterior cells, maintains the localized expression of signalling molecules near the anterior/posterior (A/P) boundary, such as Wingless (Wg) in embryonic segments and Decapentaplegic (Dpp) in imaginal discs (Ingham, 1993; Tabata and Kornberg, 1994) . In the wing imaginal disc, Dpp, a member of the TGF b family (Padgett et al., 1987) , acts as a morphogen to specify cell fates within the A and P compartments (Zecca et al., 1995; Lecuit et al., 1996; Nellen et al., 1996 ; reviewed in Lawrence and Struhl, 1996) .
Taking into account the results obtained in several laboratories, a pathway for Hh signal transduction has been proposed which involves both positive and negative regulators of the pathway (reviewed in Hammerschmidt et al., 1997) . Positive effectors include the seven-transmembrane protein Smoothened (Smo) (Alcedo et al., 1996; van den Heuvel and Ingham, 1996) , the serine-threonine kinase Fused (Fu) (Préat et al., 1990; Thérond et al., 1993 Thérond et al., , 1996a ) and the transcription factor Ci. Negative components include the transmembrane protein Patched (Ptc) (Hooper and Scott, 1989; Nakano et al., 1989) , the kinesin-related protein Costal-2 (Cos-2) , the protein kinase A (PKA) (Jiang and Struhl, 1995; Lepage et al., 1995; Li et al., 1995; Pan and Rubin, 1995) and the Suppressor of fused (Su(fu)) product (Préat, 1992; Pham et al., 1995) . One current model proposes that Smo is a constitutive activator of the pathway that, in absence of Hh signal, is inhibited by Ptc. At the A/P boundary, the binding of Hh to Ptc relieves the negative effect of Ptc on Smo, inducing localized Ci accumulation and leading to ptc and wg expression in the embryos or to ptc and dpp expression in imaginal discs. Recent reports have described the negative feedback loop that exists between relative Ptc and Ci protein concentrations (Hepker et al., 1997) and the role of Ptc in sequestering Hh (Chen and Struhl, 1996) in wing imaginal discs. Thus Ptc activity would serve to restrict the Hh response to the most posterior cells of the anterior compartment. Studies of Ci function have shown that it is likely to mediate the Hh signal (Alexandre et al., 1996; Domínguez et al., 1996; Hepker et al., 1997; Von Ohlen et al., 1997) . Recently, Aza-Blanc et al. (1997) reported that Ci is regulated by proteolysis. In the anterior compartment, full-length Ci is cleaved into a smaller nuclear form that represses the transcription of hh and ptc. At the A/P boundary, Hh signalling prevents Ci cleavage leading to the accumulation of a fulllength cytoplasmic product and to the expression of Hh target genes.
The fused (fu) and Suppressor of fused (Su(fu)) genes act antagonistically in all developmental processes where they are involved (Préat, 1992; Préat et al., 1993) . The fu gene encodes a serine-threonine kinase with catalytic and extracatalytic domains which are both required for its activity (Thérond et al., 1996a) . The Su(fu) gene encodes a protein with a PEST sequence involved in rapid protein turn-over (Pham et al., 1995) . In the embryo and imaginal discs, Fu was demonstrated to act downstream of Hh and Ptc (Limbourg-Bouchon et al., 1991; Forbes et al., 1993; Ingham, 1993; Sánchez-Herrero et al., 1996) . In agreement with this, it is phosphorylated in response to the Hh signal (Thérond et al., 1996b) . Fu seems to act upstream of Ci since Ci protein accumulation is altered in fu mutant embryos and discs . Interestingly, three recent papers have reported the identification of a large protein complex that includes the Ci, Cos-2 and Fu proteins and binds to microtubules (Aza-Blanc et al., 1997; Robbins et al., 1997; Sisson et al., 1997) . This complex has been implicated in the regulation of Ci cleavage and accumulation, and may also be involved in mediating the Hh signal (reviewed in Ruiz i Altaba, 1997) . Finally, although Su(fu) activity is apparently dispensable in a wild-type background, its absence fully suppresses all the fu mutant phenotypes (Préat, 1992) . These data suggest that the activation of Fu in cells receiving the Hh signal relieves the negative effect of Su(fu) on the pathway.
In this paper, we have more precisely characterized the role of Fused and Suppressor of Fused in the regulation of Hh target genes in the wing disc. We have previously described three classes of fu alleles based on their interaction with Su(fu) loss of function mutations and their molecular structure: class I (fuI) alleles are only altered in the Nterminal catalytic domain whereas class II (fuII) are altered in the C-terminal extracatalytic domain and class 0 (fu0) are amorphic alleles devoid of Fu protein (Préat et al., 1993; Thérond et al., 1996a) . All fu alleles display the same mutant phenotype, affecting the median intervein 3/4 region of the wing, and are suppressed by Su(fu) mutations. Nevertheless, class II alleles display an additional costal-2-like phenotype, only detectable in the absence of Su(fu) activity, suggesting that Fu and Su(fu) proteins also play a role in more anterior wing regions.
In our study, we show that Fu kinase activity is needed in anterior compartment cells of the wing disc that receive the Hh signal, in order to maintain high Ptc levels and to induce late anterior En expression. Furthermore, at the A/P boundary, we show that, in the absence of Fu function, reduction of Ptc protein levels and loss of anterior En expression lead to the expansion of the domains of Ci accumulation and dpp expression. In addition, the interaction between fu and several ci mutant alleles and the partial rescue of the fu phenotype by Ci overexpression suggest that Fu is involved in the regulation of Ci activity. We also found that the Fu protein has a role independent of its kinase activity. In the absence of Hh signal, away from the A/P boundary, expression of FuII mutant proteins that lack the C-terminal domain leads to a neomorphic effect associated with high Ci accumulation and ectopic activation of Hh target genes. We propose that, at the A/P boundary, Fu regulates Ci activity and counteracts negative Su(fu) function, leading to differential effects on ptc and dpp expression and activation of anterior en expression. More anteriorly, the Fu product would be required for the integrity of the large complex involved in the cleavage of Ci protein.
Results

Fused kinase activity is required at the A/P boundary in the anterior compartment
The fu mutant wings present alterations in the region of the wing blade between veins 3 and 4 and thus are affected in anterior and posterior compartments on both sides of the A/P boundary (compare Fig. 1A and B) . The fu phenotype has been described as a vein 3 thickening and vein 4 disappearance with a reduction of the intervein region (FaustoSterling, 1978) . At the wing margin, the anterior double row bristles reach the fourth vein (Fig. 1A,B) . The Fu protein is present throughout the entire wing disc, but its level is much higher in the anterior compartment (Fig. 1D) . In contrast, fu transcripts are uniformly distributed (Thérond et al., 1993) suggesting that fu is post-transcriptionally regulated. In order to determine in which cells Fused activity is actually required, the three different classes of fu mutant alleles were used to generate somatic fu − clones: fu 1 belongs to class I alleles altered in the kinase domain, fu A to class II alleles bearing deletions in the extracatalytic domain and the deficiency Df(1)fu Z4 is an amorphic class 0 allele (Préat et al., 1993; Thérond et al., 1996a) . Similar results were obtained using these three fu alleles. Clones anterior to vein 3 or located in the posterior compartment display a wild-type phenotype. Only the fu − clones located in the region extending between veins 3 and 4 generated a mutant phenotype (Fig. 1C) To further characterize the domain of Fu activity, we induced UAS-fu expression in a fu mutant background using different Gal4-driver strains (see Section 4). Complete rescue of the mutant phenotype was obtained with the ptcGal4 line (Fig. 1E) . Some abnormalities, such as ectopic bristles on the blade and vein 3 thickening, remained using the dpp-Gal4 driver; the rescue was more efficient with the fu 1 mutant than with fu A which displays a more severe fu phenotype (Fig. 1F) . Overexpression of fu, using several strains that strongly express Gal4 throughout the wing disc, while able to rescue the fu phenotype, did not lead to any abnormalities in an otherwise wild-type background (data not shown).
As all three classes of fu alleles including amorphic fu0 alleles give the same wing mutant phenotype, in clones as in homozygous flies, we conclude that the Fu kinase activity is strictly required at the A/P boundary, in cells that receive the Hh signal, for the correct patterning of the intervein 3/4 region of the wing.
Fu and Su(fu) differentially regulate Hh target genes
To better understand the role of Fu and Su(fu) in Hh signalling, we analysed the expression of ptc and dpp, in different fu and Su(fu) mutant backgrounds. In otherwise . The Fu protein is present throughout the whole disc but its level is significantly higher in the anterior compartment. Total and partial rescue of the fu wing phenotype for fu A ,UAS-fu;ptc-Gal4 (E) and fu A ,UAS-fu;dpp-Gal4 (F) flies, respectively; notice the partial rescue of the proximal intervein region (arrow) and the presence of ectopic anterior bristles (arrowheads) in the wing blade and at the wing margin (F).
wild-type discs, the dpp-lacZ construct is expressed in a stripe 4-5 cells wide, at the A/P boundary in the anterior compartment Figs. 2A and 3A) . In both fu 1 and fu A mutant discs, dpp-lacZ expression is wider (8-10 cells), suggesting that Fused activity is required to restrict dpp expression (Figs. 2B, C and 3B) . This ectopic dpp expression could account for the vein 3 thickening observed in fu wings, since dpp misexpression using a dpp-Gal4 driver resulted in a similar vein abnormality (data not shown). In fu; Su(fu) LP /+ discs, the stripe of dpplacZ expression at the A/P boundary becomes narrower, nearly wild-type (Fig. 2D, not shown for fu   1 ). The suppression of the dpp stripe enlargement is only partial, because of the semi-dominant effect of the Su(fu) LP mutation (Préat, 1992) .
ptc is expressed in the whole anterior compartment with a stripe of strong expression along the A/P boundary (Phillips et al., 1990; Capdevila et al., 1994) . The ptc-lacZ construct only defines the stripe of strongest ptc expression (Lepage et al., 1995; Fig. 2E) . In both fu 1 and fu A mutant discs, the level of ptc-lacZ expression decreases and depends upon the strength of the fu phenotype (Fig. 2F,G) . Extra doses or overexpression of the Fu extracatalytic domain strongly enhance the fu mutant phenotype (Thérond et al., 1996a and data not shown). Under such conditions, ptc expression at the A/P border becomes barely detectable (data not shown), suggesting that the Fu protein plays also a role independent of its kinase activity. In fu;Su(fu) LP /+ discs, the level of ptc expression along the A/P boundary becomes almost wild-type (Fig. 2H , not shown for fu 1 ). In class II fu mutant discs but not in class I mutants, abnormal dpp-lacZ expression was also detected at the anterior-dorsal part of the discs in the presumptive hinge region of the wing (Fig. 2C ). This ectopic expression is not correlated with any phenotypic effect since fu A flies display a typical fu wing phenotype. An overgrowth of the anterior compartment is observed in the wings of fu A ;Su(fu) LP /+ flies (Préat et al., 1993) , and the corresponding discs present strong overgrowth of the anterior compartment and an enlargement of the ectopic dpp-lacZ expression detected in the hinge region in fu A discs (Fig. 2D ). This is consistent with results showing that wing disc overgrowth occurs only when ectopic dpp expression is induced in both dorsal and ventral compartments (Zecca et al., 1995; Morimura et al., 1996) . We also observed a weak ptc-lacZ expression in the overgrown anterior compartment of the fu A ;Su(fu) LP /+ wing discs (Fig. 2H ).
Taken together, these results demonstrate that Fu and Fu and Su(fu) regulate dpp and ptc expression in wing imaginal discs. dpp-lacZ (A-D) and ptc-lacZ (E-H) expression patterns were examined in wing discs from wild-type (A,E), fu 1 (B,F), fu A (C,G) and fu A ;Su(fu) LP /+ (D,H) in late third instar larvae. In wild-type discs, dpp is expressed in a row of 4-5 cells at the A/P boundary (A). In fu mutants, the dpp stripe is wider and extends over about 8-10 cells (B,C). In fu A ;Su(fu) LP /+ discs, this stripe becomes narrower, nearly wild-type (D). In fu A discs, ectopic dpp expression is present in the anterior-dorsal part of the hinge (C). In fu A ;Su(fu) LP /+ discs, this ectopic dpp expression is greatly enhanced and associated with an overgrowth of the anterior compartment (D). In wild-type discs, ptc-lacZ is expressed in a row of 3-4 cells along the A/P boundary (E). In fu mutants, ptc expression decreases (F,G); this decrease is obvious in fu A mutants (G) which display a stronger wing phenotype. In fu A ;Su(fu) LP /+ discs, nearly wild-type ptc expression is restored (H), and there is a small amount of ectopic ptc expression in the overgrown anterior compartment (H). Ventral up, anterior to the left. Su(fu) are involved in the regulation of two Hh target genes, ptc and dpp. At the A/P boundary Fu and Su(fu) have opposite effects on the levels of ptc and dpp expression. In the anterior compartment away from the A/P boundary, class II fu mutant products activate dpp expression and this effect is enhanced when Su(fu) is absent.
Fu regulates Ptc protein level at the A/P boundary
In wing discs, Ptc activity is required for the repression of ptc and dpp expression in the anterior compartment (Capdevila et al., 1994) . At the A/P boundary, Hh counteracts Ptc, leading to the activation of its targets, ptc and dpp. As Fu and Su(fu) modulate ptc expression, we have studied the accumulation of Ptc protein in fu and Su(fu) mutant backgrounds.
In wild-type wing discs, Ptc is present at low levels in the anterior compartment and at high levels in a stripe of 3-4 cells lying close to the A/P boundary, posterior to the dpp stripe (Capdevila et al., 1994; Fig. 3A ). Since Ptc protein negatively regulates ptc expression and since, in fu mutant discs, the reduction in Ptc levels leads to a decrease in ptc expression, this result indicates that Fu is involved in the Hh signal transduction downstream of Ptc to maintain high ptc expression. In Su(fu) LP mutant wing discs, Ptc is present in a stripe of 3-4 cells and the level of Ptc seems to be normal (data not shown), in agreement with the wild-type wing phenotype of Su(fu) mutant flies.
Fu is required for late en expression in the anterior compartment
The en gene is expressed in the posterior compartment of wing imaginal discs where En is thought to directly repress dpp expression Sanicola et al., 1995; Tabata et al., 1995) . In late third larval instar wing discs, en expression is activated in 3-4 cells in the anterior compartment along the A/P boundary (Blair, 1992; Fig. 3C) . It has been shown previously that anterior en expression can be induced by ectopic hh expression (de Celis and Ruíz-Gómez, 1995; Guillén et al., 1995) and that this effect is suppressed by fu A mutation (Sánchez-Herrero et al., 1996) . Here, we observed that En protein is absent in anterior compartment cells of both fu 1 and fu A discs (Fig. 3D , not shown for fu A ), showing that the normal en expression, occurring lately anterior to the A/P boundary, requires Fu activity. The absence of this late en expression could account for the expansion of the dpp stripe up to the A/P boundary observed in fu discs and for the concomitant extension of the double row bristles seen in fu wings. Accordingly, En has been shown to repress bristle formation between veins 3 and 4 (Hidalgo, 1994) . This could occur through the direct regulation of dpp expression by En (Sanicola et al., 1995) or indirectly through the repression of ci expression or Ci accumulation (Mullor et al., 1997) .
Ci protein accumulation is altered in fu and Su(fu) mutant discs
In the wing disc, ci transcripts are expressed uniformly throughout the anterior compartment, but full-length Ci protein accumulates at a high level just anterior to the A/P boundary (Slusarski et al., 1995; Aza-Blanc et al., 1997) . Furthermore, high Ci levels are able to activate the expression of two Hh target genes, dpp and ptc, even in the absence of Hh signal (Alexandre et al., 1996; Domínguez et al., 1996) . Previous studies, performed on one fu allele (fu 94   ) , have shown that the amount of Ci is elevated in this fu mutant compared to wild-type, both in embryos and imaginal discs Slusarski et al., 1995) . In this study, we have used class I and class II fu alleles. Ci accumulation was followed using the rat monoclonal antibody 2A1 , which recognizes the full-length Ci protein (Aza-Blanc et al., 1997) . We find that, in wild-type discs, Ci accumulation is modulated at the A/P boundary (Fig. 4A ). Ci protein abundance is high in a row of 4-5 cells located 3-4 cells away from the A/P boundary and decreases gradually from that stripe of high Ci accumulation towards the rest of the compartment. In both fu 1 and fu A mutant discs, Ci accumulates at a high level in a 10 cell wide stripe which displays a sharp posterior limit along the A/P border (Fig. 4B,C) . In more anterior cells, significant differences in Ci abundance are seen between wild-type, fu 1 and fu A discs: while Ci is detected at a low level in wild-type discs (Fig. 4A) 4C ) levels of Ci respectively. In both fu 1 and fu A discs, the overall quantity of full-length Ci protein is higher than in wild-type, with a stronger level in fu A compared to fu 1 (Fig.  5) . In parallel, we found that the ci expression pattern was the same in wild-type and fu mutant discs using a ci-lacZ construct (data not shown). Therefore, the variations in Ci accumulation observed are only due to post-transcriptional regulation.
In Su(fu) LP discs, the Ci antibody staining is reduced but the distribution of Ci protein is conserved (compare Fig. 4D and A). However, a Western blot analysis showed that the level of full-length Ci protein in Su(fu) LP wing discs is actually similar to wild-type (Fig. 5) . This suggests that, in cells lacking Su(fu) activity, Ci conformation and/or localization may be altered in such a way that it is weakly detected by the antibody 2A1. However, Ci seems to be functional since Su(fu) mutant adults do not show any wing abnormalities.
Absence of Fu activity enhances ci Ce phenotypes
Since fu mutations alter the pattern of Ci accumulation, we have examined genetic interactions between fu and ci (Slusarski et al., 1995) . In this study, we observed that double mutant fu;ci D /+ flies only display a phenotype corresponding to the addition of the phenotypes of fu and ci D /+ flies: fusion of veins 3 and 4 and partial loss of vein 4 (data not shown). Accordingly, it has been shown previously that a fu mutation does not suppress the mutant phenotype due to the ci D /ci W allelic combination (Sánchez-Herrero et al., 1996) . In contrast, we observed a strong interaction between fu and ci Ce alleles. ci Ce /+ flies show a narrowing of the wing between veins 3 and 4 that resembles a weak fu phenotype (Slusarski et al., 1995;  Fig. 6A ), and a high Ci level is detected in the whole anterior compartment of both ci Ce2 (Slusarski et al., 1995) and ci Ce4 mutant discs (data not shown). The ci Ce2 allele generates a truncated product (Slusarski et al., 1995; Fig. 5) , while a protein of normal size was the only product detected in ci Ce4 /+ wing disc protein extracts, using monoclonal (Fig. 5) Ce4 /+ flies died as pupae although some adults eclosed. The latter display several cuticular abnormalities: small wings (Fig. 6C,E) , reduced thorax and lack of scutellum (data not shown). The fu;ci Ce4 /+ wing phenotype looks very similar to that displayed by weak dpp mutant combinations (Spencer et al., 1982) . Accordingly, in the fu;ci Ce4 /+ wing imaginal discs, dpp expression is totally absent in the wing pouch and only remains as a spot in the presumptive notum (Fig. 6D,F) (D) wing discs. In wild-type discs, Ci protein is present throughout the anterior compartment with a greater accumulation near the A/P boundary (A). A 4-5 cell wide stripe of greatest accumulation is located 3-4 cells away from the A/P boundary. In fu 1 mutants, high Ci protein accumulation extends over about 10 cells abutting the A/P boundary while Ci level appears to be very weak in the rest of the anterior compartment (B). In fu A mutants, high levels of Ci protein are seen throughout the entire anterior compartment, but the accumulation remains higher in about 10 cells at the A/P boundary (C). In both types of fu mutants, the modulation of Ci accumulation at the A/P boundary is no longer observed (B,C). In Su(fu) LP mutants, Ci protein staining is reduced, but a higher level accumulates at the A/P boundary (D). Ventral up, anterior to the left. Fig. 3 . Fu regulates Ptc protein levels and late en expression in the anterior compartment. Wild-type (A) and fu A (B) mature third instar wing discs were double labeled to visualize the distribution of Ptc protein (red) and dpp-lacZ reporter gene expression (green). The area in the box is shown as separated channels to the right of the merged images. The vertical white lines show the position of the A/P boundary as inferred from Ptc expression. In wild-type discs, high Ptc is present in a row of 3-4 cells along the A/P boundary, posterior to the 4 cells wide dpp stripe (A). In fu A discs, Ptc level decreases but low protein levels remain detectable in a wider stripe which extends over 7-8 cells, coincident with the enlarged 8-10 cells wide dpp stripe (B). The distribution of En protein (green) was visualized by antibody labeling in wild-type (C) and fu 1 (D) discs. In all discs, the posterior compartment is defined by antibody staining of ß-galactosidase synthesized from an enhancer trap insertion in the hh gene (appears yellow in double-stained discs). In wild-type discs, En is expressed in the posterior compartment, but at late third larval instar, it extends over a row of 3-4 cells in the anterior compartment (C). In fu 1 discs, this late En expression is not observed, the remaining En being strictly restricted to the posterior compartment (D). Ventral up, anterior to the left. modified products with antimorphic properties that disturb wild-type Ci function (Slusarski et al., 1995) .
The different results obtained with those two classes of ci alleles suggest that Fu could be involved in Ci activation specifically at the A/P boundary. In fact, we were able to partially rescue the fu phenotype by inducing Ci overexpression using the ptc-Gal4 driver. The correct spacing between veins 3 and 4 was restored, but the double row bristles still reached the fourth vein (Fig. 7A,B) . Thus, we postulate that lack of Fu activity results in reduction of Ci activation, which can be compensated by an increase in the quantity of Ci.
fu mutations suppress the effects of ectopic hh expression
While class I and class II fu alleles display similar abnormalities at the wing disc A/P boundary, they exhibit markedly different effects more anteriorly. Class II but not class I alleles display ectopic anterior dpp expression and Ci accumulation correlated with a strong cos-2-like phenotype in absence of Su(fu) activity (this study, Préat et al., 1993) . Therefore, we have studied further the effects of the different fu mutations on ectopic hh expression close to and away from the A/P boundary. Hh overexpression using the enGal4 line leads to the displacement of vein 3 to a more anterior position and to the extension of the intervein region in the wing (Mullor et al., 1997;  Fig. 7C ). These phenotypic effects have been correlated with an expansion of high ptc and anterior en expression domains and with the anterior displacement of high Ci levels and dpp expression. In a fuI or fuII mutant background, the phenotypic effects are fully suppressed and the wings only display a classical fu phenotype (Fig. 7D) , probably due to the decrease of ptc expression and the loss of late anterior en expression. These results confirm that Fu is required in the Hh signalling pathway, at late third larval instar, for ptc and anterior en expression during wing morphogenesis.
The hh Mrt mutation is a dominant gain-of-function allele that induces ectopic hh expression along the wing margin in the anterior compartment. This expression is correlated with an overgrowth of the wing tissue (Felsenfeld and Kennison, 1995;  Fig. 8A ). In hh Mrt /+ wing discs, Ptc and Ci proteins are up-regulated (Johnson et al., 1995) and expression of ptc (Fig. 8B), dpp (Fig. 8C) and en is induced in the anterior compartment (Felsenfeld and Kennison, 1995; de Celis and Ruíz-Gómez, 1995 /+ discs (lane 5), the amount of wild-type form is slightly increased, and a high amount of a shorter mutant form (105 kDa) is detected. In ci Ce4 /+ discs (lane 6), the amount of wildtype form is also slightly increased, but no altered form is revealed. The amount of protein loaded in each lane is estimated using anti-Myosin staining as a control. Positions of molecular weight markers at the left correspond to 210, 111 and 83 kDa from top to bottom. Fig. 6 . fu mutations enhance the ci Ce4 phenotype. The ci Ce4 mutant wings present a weak reduction of the interval between veins 3 and 4 (A); in the corresponding wing discs, dpp expression is normal (B). Flies of fu 1 ;ci Ce4 /+ (C) and fu A ;ci Ce4 /+ (E) genotypes show reduced wings; in the corresponding discs, dpp expression is absent from the wing pouch (D,F).
wing phenotype by both classes of fu alleles and followed the ptc and dpp expression in the corresponding discs. We observed that fu mutations suppress the hh Mrt overgrowth of the anterior compartment, the class I fu 1 mutation behaving as a stronger suppressor than the class II fu A allele (Fig.  8D ,G and Table 1 ). In particular, classes IV and V of the hh Mrt phenotype were never observed in a fu mutant background (Table 1 (Fig. 8E,H) . In fu 1 ;hh Mrt /+ discs, ectopic dpp expression is also suppressed (Fig. 8F) . In fu A ;hh Mrt / + discs, dpp remains ectopically expressed in the anterior compartment (Fig. 8I) , in a pattern corresponding to the additive effects of hh Mrt (Fig. 8C ) and fu A (Fig. 2C) (Table 2) . Thus, in the anterior compartment, away from the A/P boundary, the absence of Fu kinase activity can block Hh signal transduction, preventing Hh target gene expression.
Discussion
The Fused kinase has been implicated in the Hh signal transduction in the embryo and in wing imaginal discs (Forbes et al., 1993; Sánchez-Herrero et al., 1996) . However, whereas Fu is absolutely required for the expression of Hh target genes during embryogenesis, its role seems to be more complex during wing morphogenesis. In this study, we have used different fu alleles representative of the three classes previously defined (Préat et al., 1993; Thérond et al., 1996a) . We show here that the Fu protein plays different roles in the regulation of Hh target gene expression in the anterior compartment, close to and away from the A/P boundary.
Fu activity is required in the anterior compartment for late Hh signal transduction
Adult fu flies display a phenotype affecting the median part of the wing blade (fusion of veins 3 and 4). Our study of somatic fu clones induced in the wings shows that only the clones localized between veins 3 and 4 present abnormalities such as ectopic veins and campaniform sensillae. Moreover, the fu wing phenotype can be rescued by expressing fu in the ptc expression domain. Thus, while the Fu protein is detected in the whole anterior compartment of wing discs, its kinase activity seems only required, in cells receiving the Hh signal at the A/P boundary, for the correct patterning of the central wing region.
In hh Mrt wing discs, ectopic Hh expression in the anterior compartment can induce dpp, ptc and en expression (Felsenfeld and Kennison, 1995; de Celis and Ruíz-Gómez, 1995; Johnson et al., 1995) . It has been previously shown that fu A mutation can suppress en expression due to anterior hh misexpression (Sánchez-Herrero et al., 1996) . We show here that all the class I and class II fu mutations tested are able to suppress the duplications and overgrowths due to hh + clones in the anterior compartment or to the hh Mrt mutation. In a fu −
;hh
Mrt background, ectopic ptc and dpp expres- sion is absent or strongly reduced. We also show that fu mutations fully suppress all the effects in the anterior compartment induced by posterior UAS-hh overexpression. These observations show that in the anterior compartment, away from the A/P boundary, Fu protein is required for the ectopic activation of ptc, dpp and en expression in response to the Hh signal. In contrast, at the A/P boundary, Fu is not required for continuous dpp expression. This result suggests that part of the Hh signal is still transduced, which could account for the weak wing phenotype of fu flies, as compared to that induced by the absence of hh or dpp expression. Interestingly, recent studies have indicated a direct role for Hh, independent of Dpp, in patterning the intervein 3/4 central part of the wing, in that precise region where Fu activity is required (Mullor et al., 1997; Strigini and Cohen, 1998) .
Fu and Su(fu) modulate Hh target gene expression at the A/P boundary
In wing imaginal discs, during the third larval instar, the Hh signal is required to inhibit the Ci cleavage promoted by Ptc, leading to accumulation of full-length Ci which activates ptc and dpp expression (Aza-Blanc et al., 1997) . In the late third larval instar, a 3-4 cell stripe of high ptc and en expression lies close to the posterior compartment, whereas the 4-5 cell stripe of high Ci accumulation and dpp expression is more anterior (Blair, 1992; Capdevila et al., 1994; Mullor et al., 1997 ; our results and data not shown; Fig. 9A ). We show here that Fu is required for late Hh signal transduction that maintains high ptc expression and induces anterior en expression at the A/P boundary. We propose a model in which the expression of ptc and en limits the posterior expansion of both Ci accumulation and dpp expression (Fig.  9A) . In fu wing discs, in those cells abutting the A/P boundary, the reduction of Ptc protein level observed would lead to a decrease in Ci cleavage allowing high cytoplasmic Ci accumulation, while the loss of anterior en expression would derepress dpp (Fig. 9A) . A role for En in the regulation of Ci accumulation has also been recently proposed (Mullor et al., 1997) . Nevertheless, at present the regulatory interactions between En and Ci in the anterior compartment are not well understood. While En is known to repress ci in the posterior compartment , we did not observe any modulation of ci expression due to late anterior en expression in either a wild-type or fu mutant background (data not shown). Conversely, a highly activated form of Ci could be involved in the late anterior en expression (Fig. 9B, see figure legend and below).
High Ptc protein levels at the boundary are known to sequester the Hh protein (Chen and Struhl, 1996) . We propose that Ptc protein levels observed in fu mutant discs are too low to retain Hh, allowing further Hh diffusion. Thus, the expansion of high Ci and dpp expression over a 10-12 cell stripe observed in fu mutant discs would represent the range of Hh diffusion in the anterior compartment, in the absence of late high Ptc levels (Fig. 9A) .
As all classes of fu mutants (including a null allele) display the same kinds of abnormalities at the A/P boundary, we conclude that these effects are due to the lack of Fu kinase activity. The absence of the Su(fu) product is able to restore normal dpp and ptc expressions at the A/P boundary and to rescue all the wing abnormalities due to the lack of Fu function. Therefore we propose that, at the A/P boundary, the Fu kinase, activated in response to the Hh signal, counteracts the negative effects of Su(fu) (Fig. 9B) .
Fu regulates the activity of Ci at the A/P boundary
Regulation of dpp and ptc expression by the transcription factor Ci has been proposed based on experiments showing that high Ci levels are able to ectopically activate dpp and ptc expression in wing imaginal discs (Alexandre et al., 1996; Domínguez et al., 1996; Hepker et al., 1997) . However, at the A/P boundary, high ptc expression is observed in cells which contain low Ci levels (Fig. 9A) . In addition, we show here that, in fu mutant discs, although a high accumulation of full-length Ci is induced at the A/P boundary, dpp expression is unaffected and ptc expression decreases (Fig.  9A) . Based on these results, we postulate that, at the A/P boundary, Fu is activated in response to Hh signal and is involved in the production of a more active form of Ci See Felsenfeld and Kennison (1995) for the description of classes I-V of the hh Mrt phenotype. I, wild-type; II, vein 2 thickened; III, distal anterior region slightly expanded and vein 2 partially duplicated; IV, distal anterior region expanded, vein 2 absent distally and vein 3 broadened distally; V, anterior compartment rounded and vein 3 much broadened. b Total number of wings examined. c Classes II and III are not distinguished and are counted together.
(Ci L *) which probably arises from the full-length Ci protein (Ci L ) present at low levels in the cytoplasm (Fig. 9B) . In this context, ptc expression is more sensitive than dpp to the level of Ci activity (Fig. 9B,C) . A Fu-dependent mechanism of Ci activation for ptc and dpp expression was also revealed in fu;ci Ce4 / + mutant discs where both ptc and dpp expression disappears. In ci Ce mutants, Ci activity is likely to be reduced by a competition between Ci Ce and Ci + products (Slusarski et al., 1995; Domínguez et al., 1996; Hepker et al., 1997) . In this sensitive context, Fu appears necessary for Ci to reach a threshold level of activation allowing dpp expression. However, Fu-dependent activation of Ci appears somewhat dispensable, since, in a fu mutant background, an overexpression of Ci in the ptc expression domain can partially rescue the fu phenotype. Taken together, these results suggest that Ci activity is determined by a combination of the level of full-length Ci protein and the state of Ci activation regulated by Fu, and that a defect in the activation system can be compensated by an increase in Ci quantity. The activation of Ci by the Fu kinase might involve either the binding of Ci to cofactors such as CBP (Akimura et al., 1997) or an hypothetical alternative Ci processing. We propose a model (Fig. 9) whereby the anterior com- Table 1) , expansion of the distal anterior region and partial duplication of vein 2 are observed (A). In the corresponding wing imaginal discs, ptc (B) and dpp (C) are ectopically expressed along the wing margin where ectopic Hh is present. In a fu 1 background, the hh Mrt wing phenotype is suppressed (D) and ectopic ptc (E) and dpp (F) expression is absent. In a fu A background, the hh Mrt phenotype is partially suppressed (G). In the corresponding wing discs, ectopic ptc expression is absent (H), but ectopic dpp expression remains (I). See also Table 1. partment of the wing disc is subdivided into three regions according to the different concentrations of the Hh signal received by each region. In region 1, strong Hh signal activates the Fu kinase leading to a modified active form of Ci (Ci L *) required for anterior en and high ptc expression. In region 2, Hh signal is moderate, too low to activate Fu but sufficient to inhibit Ci cleavage, leading to a full-length Ci form able to fully activate dpp expression but not en nor ptc. In region 3, no Hh signal is received and Ci cleavage gives rise to the short Ci form (Ci C ) which represses dpp expression. From our results, in agreement with results presented by Strigini and Cohen (1998) , en expression would be more sensitive than ptc and ptc more than dpp to a decrease in Hh signal and Ci activity.
Fu protein is involved in Hh target gene regulation in cells that do not receive Hh signal
We have shown previously that class I and class II fu alleles encode structurally different mutant proteins: fuI alleles encode mutant proteins altered in the catalytic domain but containing at least the 300 C-terminal aminoacids, whereas fuII alleles encode proteins truncated in their C-terminal extra-catalytic domain (Thérond et al., 1996a) . At the A/P boundary, all fu alleles behave similarly, including amorphic fu0 alleles devoid of Fu protein, thus we postulate that the Fu kinase activity is required to mediate the Hh signal in this specific region of the wing. Nevertheless, fuI and fuII alleles behave differently, away from the A/P boundary in the anterior compartment, to regulate Ci accumulation and dpp expression. We show here that, in fu 1 (class I) discs, a reduced level of cytoplasmic Ci is observed throughout the anterior compartment, compared to wild type discs. Conversely, in fu A (class II) discs, full-length Ci accu- ) is cleaved into Ci C under the control of the X pathway, leading to dpp repression. In cells receiving low Hh signal (region 2), Ci cleavage is inhibited leading to Ci L accumulation which induces dpp expression. In cells receiving a strong Hh signal (region 1), activation of Ci L by the Fused kinase produces the Ci L * form which induces high ptc and anterior en expression. The three Ci products may be released from the protein complex (dashed line) with different efficiencies, in the order Ci L *>Ci C >Ci L . They are transferred to the nucleus where they activate or repress the en, ptc and dpp genes. Su(fu) and the C-terminal extremity of the Fused protein negatively control the Ci full-length release, independently of the reception of the Hh signal. (C) Assuming that Ci L * is a better activator than Ci L , the ratio between activator and repressor activities varies in the different genotypes in agreement to our experimental observations. Different thresholds responsible for the activation of en, ptc and dpp (with a sensitivity order en>ptc>dpp) and dpp repression by en account for the spatial distribution of these products at the A/P boundary.
mulates at high levels in the whole anterior compartment, and, in fu A and other class II fu mutant discs, dpp expression is locally activated. In an otherwise wild-type background, these ectopic Ci accumulation and dpp expression do not seem to reach a sufficient level to give rise to an anterior wing phenotype. Nevertheless, in the absence of Su(fu) activity, the effect of fuII mutations is enhanced and strong dpp and ptc expression is induced, as seen in fu A ;Su LP /+ discs, generating flies with a phenotype similar to that displayed by cos-2 mutants (Préat et al., 1993; Thérond et al., 1996a) .
In the anterior compartment of wing imaginal discs, Ptc, Cos-2 and PKA inhibit both full-length Ci accumulation and dpp expression (reviewed in Ruiz i Altaba, 1997). Recent papers have reported the identification of Cos-2 as a kinesinrelated protein which binds to microtubules, and the participation of Cos-2, Fu and Ci in a large protein complex that would be involved in the regulation of Ci processing and/or its cellular localization through a microtubule-associated docking process (Aza-Blanc et al., 1997; Robbins et al., 1997; Sisson et al., 1997 reviewed in Ruiz i Altaba, 1997 . Moreover, results obtained in our laboratory show that Fu, Su(fu) and Ci can interact directly and form a trimolecular complex (Monnier et al., 1998) suggesting that Su(fu) is also a component of the Ci putative regulatory complex. Thus, we postulate that FuI and FuII mutant proteins could disturb the integrity of the complex and consequently alter its proteolytic activity on Ci in different ways. FuI proteins would improve the stability of the complex or the retention of Ci in the cleavage complex, and would lead to more efficient cleavage of Ci, hence the decrease of fulllength Ci observed in fu 1 discs. Conversely, FuII proteins could destabilize the complex, which would reduce the efficiency of Ci cleavage or allow Ci to detach from the cleavage complex. Importantly, FuI mutant proteins are still able to associate with Cos-2, whereas FuII truncated proteins cannot (Robbins et al., 1997) .
As Su(fu) mutants do not display any obvious abnormal phenotype, Su(fu) function appears dispensable. However, in a Su(fu) mutant background, the effect of FuII mutant proteins is enhanced, and strong overgrowth of the anterior compartment and ectopic dpp and ptc expression are induced. Since similar abnormalities are observed in cos-2 mutant discs (Capdevila et al., 1994) , we propose that the function of the wild-type Su(fu) protein would be to improve the stability of the complex or the activity of the Cos-2 protein disturbed by FuII mutant proteins. Taken together, these results suggest that, in the absence of Hh signal, the presence of normal Fu and Su(fu) proteins is nonetheless necessary to maintain the integrity of the protein complex putatively involved in Ci processing.
In conclusion, the Fu protein is an integral component of a large protein complex regulating Ci function and appears to play at least two distinct roles. In anterior compartment cells that do not receive Hh signal, its presence in the complex is necessary to correctly regulate Ci cleavage and/or release. This role for the Fu protein appears as a structural one, independent of its kinase function, while dependent on its interactions with other components of the complex such as the Su(fu) and Cos-2 products. At the A/P boundary, the Hh signal inhibits Ci cleavage and activates the Fu kinase function which regulates Ci activity. The Fu kinase activity appears only required in the intervein 3/4 region of the wing as a mediator for the Hh signal directly involved in a concentration-dependent manner for the patterning of this central region.
Experimental procedures
Drosophila stocks
All wild-type flies were Oregon-R. The fu alleles used have been described (Busson et al., 1988) . Three classes of fu alleles were defined from their interactions with Su(fu) mutations: fu 1 is a class I allele, fu A a class II allele and Df(1)fu Z4 a class 0 allele (Préat et al., 1993) ; class I alleles correspond to alterations in the kinase domain and class II to alterations in the extracatalytic domain, class 0 are amorphic alleles (Thérond et al., 1996a) . The Su(fu) LP mutation used is an amorphic mutation (Préat, 1992) . Other segment-polarity gene alleles used were hh Mrt (Felsenfeld and Kennison, 1995) , ci Ce2 (Slusarski et al., 1995) and ci
Ce4
(kindly provided by P. Heitzler). dpp-lacZ corresponds to the BS3.0 construct , ptc-lacZ and hh-lacZ were described in Lepage et al. (1995) and Lee et al. (1992) , respectively. Gal4 and UAS lines used were dppGal4, UAS-dpp, ptc-Gal4 and UAS-lacZ.B (provided by the Bloomington Stock Center), en-Gal4 (Brand and Perrimon, 1993) , UAS-ci (Domínguez et al., 1996) , UAS-hh (Ingham and Fietz, 1995) and UAS-fu (this paper, a full-length fu cDNA was inserted into the pUAST vector (Brand and Perrimon, 1993) ).
b-galactosidase and antibody staining
For b-galactosidase staining, imaginal discs were first fixed in 0.5% glutaraldehyde/PBS for 15 min at room temperature, and then rinsed in PBS. The reaction was developed in 3.5 mM K 4 [FeII(CN) 6 ], 5 mM K 3 [FeIII(CN) 6 ], 1 mM MgCl 2 and 0.15% X-Gal in PBS. Discs were mounted and observed in glycerol.
Immunostaining, using rabbit polyclonal anti-Fu (Robbins et al., 1997), rat monoclonal anti-Ci , mouse monoclonal anti-Ptc (Capdevila et al., 1994) , rabbit polyclonal anti-En (kindly provided by A. Vincent) and mouse and rabbit polyclonal anti-ß-galactosidase (Rockland) antibodies, was performed as follows: imaginal discs from late third instar larvae were dissected in PBS, fixed in 4% paraformaldehyde, 30 mM Pipes (pH 7.4), 160 mM KCl, 40 mM NaCl, 4 mM Na 3 EGTA, 1 mM spermidine, 0.4 mM spermine, 0.2% BSA and 0.1% Triton, for 20 min at room temperature and washed in PBS, 0.3% Triton. Tissue was blocked for 20 min in PBS, 0.3% Triton and 1% BSA, and incubated overnight at 4°C in a dilution of the primary antibody, washed, blocked again and incubated for 2 h at room temperature in various dilutions of FITC anti-rat IgG, TRITC anti-mouse IgG and FITC antirabbit IgG antibodies (Jackson Laboratories). Discs were observed and photographed under a confocal Leica microscope.
Western blot analysis
Twenty wing imaginal discs from late third larval instar larvae were dissected in PBS 1 × and dissolved in SDS gel loading buffer. Samples were fractionated on a 8% acrylamide gel and blotted onto Immobilon-P transfer membrane (Millipore). Ci was visualized using the 2A1 monoclonal antibody and an HRP-coupled goat anti-rat IgG secondary antibody (Amersham), and chemiluminescent detection using the ECL detection system (Amersham). The amount of protein loaded was determined by reincubation of the membrane with anti-Myosin antibody (Young et al., 1991) and HRP-coupled goat anti-rabbit IgG secondary antibody (Amersham), and chemiluminescent detection. FM3/ywsnffu1 females carrying a single insert of the Tub\ -a1 Ͼ y + Ͼ hh transgene (Basler and Struhl, 1994) were crossed to yw/Y;hsp70-flp males and the resulting progeny were subjected to one heat shock (37.5°C for 1 h) during the first 72 h of development. y;Tuba1 Ͼ y + Ͼ hh adults which emerged from this cross were collected (all the females carried the fu + allele and all the males the fu 1 allele), their wings were dissected and screened for y;Tuba1 Ͼ hh clones.
Induction of fu
